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Summary
The RSS-19 team collected CASI images from the Chieftain Navaho aircraft in order to observe the seasonal change in the radiometric reflectance properties of the boreal forest landscape. CASI was deployed as a site-specific optical sensor during BOREAS field campaigns. Image data were collected with CASI on 36 days during five field campaigns between February and September 1994, primarily at flux tower sites located at study sites near Thompson, Manitoba, and Prince Albert, Saskatchewan. A variety of CASI data collection strategies were used to meet the following scientific objectives: 1) canopy bidirectional reflectance, 2) canopy biochemistry, 3) spatial variability, and 4) estimates of up and downwelling PAR and spectral albedo, as well as changes along transects across lakes and transects NSA and SSA. The images are stored as binary image files.
A subset of the 1994 CASI acquisitions have been compressed and included on the BOREAS CD-ROM set. This subset includes 3 images for the NSA-OBS site on 06-Jun-94, 08-Aug-94, and 06-Sep-94; one image for the SSA-OBS site on 24-Jul-94; and one image for the NSA-Fen site on 08-Aug-94. The CASI imagery on the BOREAS CD-ROMs have been compressed using the Gzip program. See section 8.2 for details. The rest of the 1994 BOREAS CASI archive are not contained on the BOREAS CD-ROM set. Inventory listing files are supplied on the CD-ROM to inform users of the data that were collected. See Sections 15 and 16 for information about how to acquire the data. Also see Section 11.2 for notes about anomalies found with a few of the image sizes. 
Data Set Introduction
The Compact Airborne Spectrographic Imager (CASI) was deployed as a site-specific optical sensor as part of the BOReal Ecosystem-Atmosphere Study (BOREAS). The overall objective of the CASI deployment was to observe the seasonal change in the radiometric reflectance properties of the boreal forest landscape. A subset of the data is available from the BOREAS Information System (BORIS).
This BORIS subset contains one spatial image per tower site per Intensive Field Campaign (IFC) per study area. All the data have been collected at approximately 1800-m above ground level (AGL). The images have been geocorrected and resampled to 2-meter square pixels using onboard Global Positioning System (GPS) data. Radiance and at-ground modeled reflectance images have been provided. This subset of CASI-processed data corresponds to the data for CASI Mission 3 described in Section 5. (i) image-based methods to obtain surface reflectances from airborne optical imagery; (ii) the effect of temporal/spatial variability of site albedo of the boreal forest; (iii) the utility of the areal and spectral properties of beaver ponds for spatial scaling of measured trace gas emissions; (iv) the role of seasonal changes in understory components to changes in reflectance of open boreal canopies; and (v) the seasonal/temporal variation in closed canopy reflectance as a function of canopy architecture, species composition, canopy biophysical parameters of Leaf Area Index (LAI) and biomass, and phenologic development and chemistry of foliar components.
Summary of Parameters
Radiance and at-ground modeled reflectance images. The Charge-Coupled Device (CCD) sensor is a P86520 series frame transfer device (EEV, Inc., Chelmsford, UK). The array is thermoelectrically cooled to reduce dark current. The imaging area of the array is 512 x 288 pixels with each element measuring 15.5 by 22 lain. The instrument can be run on 110 volts at 2.4 amps. For Direct Current (DC) operation, the inverter supplied with the system requires 28 VDC, 13 amps peak. For the optional gyro, another inverter supplies 400-Hz Alternating Current (AC).
Discussion
The 512 image pixels across the 35-degree field of view (FOV) give a 1.23-meter ground resolution (cross-track) per l-km altitude AGL. The along-track ground resolution is approximately the product of the integration time and the aircraft speed. The required integration time is directly proportional to the number of spectral bands and the number of spatial views. The spectral range of the CASI instrument used in the BOREAS project was 391 to 916 nm. The spectral resolution was 2.5-nm full width, half maximum (FWHM), with 288 pixels sampled at 1.8-nm intervals. The 2.5-nm FWHM is nominal; the bandwidth changes with wavelength (Achal, 1991) . Measurements of the bandwidth of the CASI used for BOREAS have been taken at CRESTech and are being analyzed. Channel-to-wavelength registration is subject to slight deviations at large view angles because of spectral sag (Harron et al., 1992; Freemantle et al., 1991 ) . The CCD sensor is read out and digitized to 12 bits by a programmable electronics system that is controlled by an internal single-board computer. Data are recorded on a built-in digital recorder (Exabyte) that uses 8-mm cassette tapes as the recording medium. The frame rate is configuration-dependent up to a maximum of 85 lines/sec. The CCD can be read out to select and sum rows, to create high spatial resolution bands, or sample columns from the array, to create high spectral resolution views. The CCD sampling configuration can be easily changed by the CASI instrument operator and often several different sampling configurations are used during a data collection experiment.
Additional information about the CASI sensor can be obtained from Itres instruments (http://www.itres.com/).
Collection
Environment Data were collected at various altitudes from 150-m AGL to 2600-m AGL. The CASI sensor can be tilted forward or aft of the aircraft. Data have been collected at a number of different sensor view angles for investigations of Bidirectional Reflectance Distribution Function (BRDF) effects. Several CCD sampling configurations were used to collect imagery. Imagery for BOREAS has been collected at the tower flux sites and auxiliary sites, and along the transect between the NSA and SSA.
Source/Platform
The CASI sensor was flown aboard the Chieftain Navaho aircraft operated by the Ontario Provincial Remote Sensing Office (PRSO). Data were collected at various altitudes from 150-m AGL to 2600-m AGL.
Mission Objectives
The complete set of mission objectives for the RSS-19 study is listed below. Note that only Mission 3 data have been submitted as part of the BOREAS archive data set. Contact the PI or see the CASI Web page for availability of other mission data.
CASI Missions:
Mission 1 field instrument NASA GSFC, both of which are specifically designed to measure surface bidirectional reflectance properties. For virtually all missions, CASI imagery was collected in the solar plane with sensor view angles at 45, 30, 15, 0, -15, and -30 degrees and at a 45-degree angle oblique to the solar plane with view angles at +45, 0, and -30 degrees. Note that these angles are with respect to the airplane axis, and will vary somewhat due to aircraft attitude. The operational goal established was to obtain overlapping multiview images of at least 200 m in the along track direction, centered on the site flux tower. With CASI view angle changes made manually by the sensor operator, this objective demanded synchronized tower sighting (aircrew) and sensor tilting at intervals (operator) during a pass over each flux tower to achieve three overlapping image views per pass. Thus three passes of each flux tower were required for the BRDF sampling described above. Initial comparisons between the Li and Strahler (1992) model and the CASI BRDF data for the SSA Old Jack Pine (OJP) site in the winter campaign are reported by Soffer et al. (1995) , with further analysis underway.
Mission 2: Flux Tower Sites: Canopy Biochemistry CASI Operating Mode: Full Spectral Mode CASI Mission Flights: 37 Pixel Size: 2 x 11 m Swath Width: 1000 m Reflectance signatures of forest canopies at high spectral resolution in the CASI visible/near-infrared (VIS/NIR) spectral region can be related to canopy chlorophyll and nitrogen levels (e.g., Matson et al., 1994) . CASI spectral mode imagery was collected for this purpose over each tower site in the solar plane on two flights: (i) nadir viewing at 1675-m AGL to obtain a spectral signature of the canopy as for a satellite sensor, and (ii) viewing in the antisolar direction at 45-degree view zenith and 1150-m AGL to minimize spectral effects of the canopy understory; the change in altitude is required to maintain constant pixel size in the two cases. CASI imagery is expected to be the highest spatial resolution optical data available in the BOREAS data base and therefore has been of particular interest to a number of collaborators for quantifying the spatial heterogeneity of site-specific field measurements of parameters such as LAI, biomass, and canopy cover. This is of particular importance to the scaling up of boreal forest ecosystem state and process parameters usingremotesensing data.Forthese purposes, CASI multiband (15 channels) imagery has been collected at two altitudes (600 and 1675-m AGL) to cover the 1-km target area around each flux tower site at two spatial resolutions. With the CASI sensor modifications permitting collection of up and downwelling spectral irradiance data simultaneously with the normal imagery, flights at low altitude (150-m AGL) generate a measure of the spatial variability of the spectral albedo as well as the up and downwelling Photosynthetically Active Radiation (PAR). These data will also be used to measure the ratio of radiance in the GOES visible band to the total albedo for each canopy type, thereby enabling E. Smith (RSS-14) to generate seasonal albedo maps for the entire BOREAS region from GOES imagery. These same data are of interest to J. Cihlar (Terrestrial Ecology (TIE)-16) and coworkers to validate models for satellite estimates of canopy absorbed PAR. 
Key Variables
The CASI sensor directly measures the following quantities; target at-sensor radiance, and downwelling and upwelling irradiance. The irradiance measurements are experimental and are undergoing intensive investigation at CRESTech. These data may not be available for the 1994 BOREAS campaign.
Principles
of Operation CASI is a VIS/NIR push-broom imaging spectrograph with a reflection grating and a 2-D CCD solid-state array detector. The instrument operates by looking down in a fixed direction and imaging successive lines of the scene from the platform, building a 2-D image as the platform moves forward (Anger et al., 1990) . The CAS[ instrument has been used in a variety of applications from forest cover mapping to pollution monitoring.
Instrument
Measurement Geometry Data were collected at various altitudes from 160-m AGL to 2600-m AGL. The CASI sensor can be tilted forward or aft of the aircraft. Data have been collected at a number of different sensor view angles from -45 to +45 degrees for investigations of BRDF effects. 
Manufacturer of Instrument

Calibration
The CASI instrument has been calibrated in the Instrument Services Laboratory at CRESTech. A two-stage approach was used to determine the absolute and relative radiometric response of the instrument. An integrating sphere (Thomas et al., 1991) was used to determine the relative response of the CCD array. For an absolute radiometric calibration, a calibrated Spectralon reflectance panel (Labsphere) and a National Research Council (NRC) traceable calibrated lamp were used. Dark current data were taken to remove any instrument-related anomalies. A more detailed description of the calibration can be found in Harron et al. (1995) , Babey and Softer (1992), and Gray et al. (1997) . Rare gas lamps were used as narrow line sources to determine the spectral calibration of the instrument. A narrow bandwidth tiltable filter was used to determine the spectral bandpass of the instrument at selected wavelengths.
The transmission of the window used during data collection was characterized at a range of view angles to enable correction of CASI data to at-aircraft radiance. Radiance imagery is converted to at-ground measured reflectance using a variant of the 5S radiative transfer code, referred to as CAM5S (O'Neill et al., 1996) . This procedure allows correction of the imagery at aircraft altitudes for each pixel in the scene. This is a collaborative project between the University of Sherbrooke, the Canadian Space Agency, CRESTech, and the Canadian Centre for Remote Sensing (CCRS). Further details can be found in Gray et al., 1997. For an estimate of the absolute calibration error, we used measurements of the NASA field calibrationsphere. In Juneof 1994, theCASIcollectedimageryof the sphere. Analysisof these images shows that between 500 and 800 nm, the difference between the CASI measured value and the NASA Calibration Sphere expected value (Schafer, 1994) was less than 5%. Only one set of radiance scale factors (or calibration coefficients) was used throughout the 1994 BOREAS field season. However, the calibration exercise was repeated several times during 1994. If we assume that the calibration setup did not change, analysis of this data reveals that the CASI response characteristics did not change by more than 3% during the time of the 1994 BOREAS project. We expect that the result for BOREAS 1996 imagery would be the same as 1994. 
Tolerance
None given.
Frequency of
Calibration Calibration data were collected for CASI before each IFC. While only one set of calibration data has been used to calculate the radiance scale factors, the other calibration data allow tracking of any changes in the instrument response.
Other Calibration
Information The CASI sensor viewed the NASA GSFC large integrating sphere during IFC-1. An interagency calibration experiment was conducted at the Instrument Services Laboratory involving CRESTech, NASA GSFC, and CCRS (Harron et al., 1995) , that compared the calibration radiance sources used at these institutions.
See Harron et al. (1995) for details.
Data Acquisition Methods
The CASI sensor is an airborne imaging spectrometer sensor with flexible operational characteristics. The spectral range of the CASI instrument used in the BOREAS project was 391 to 916 nm. The CASI sensor was flown aboard the Chieftain Navaho aircraft operated by the Ontario PRSO. Data were collected at various altitudes from 150-m AGL to 2600-m AGL. The CASI sensor can be tilted forward or aft of the aircraft. Data have been collected at a number of different sensor pitch angles for investigations of BDRF effects. Several CCD sampling configurations were used to collect imagery. The CCD sensor is read out and digitized to 12 bits by a programmable electronics system that is controlled by an internal single-board computer. Data are recorded on a built-in digital recorder (Exabyte) that uses 8-mm videocassettes as the recording medium. The frame rate is configuration-dependent up to a maximum of 85 lines/sec. The CCD can be read out to select and sum rows, to create high spatial resolution bands, or sample columns from the array, to create high spectral resolution views. The CCD sampling configuration can be easily changed by the CASI instrument operator, and often several different sampling configurations are used during a data collection experiment.
Observations
Data Notes
Field Notes
CASI operator comments are recorded in flight logs stored as part of the CRESTech BOREAS CASI image data base. Examination of the incident light probe (ILP) data suggests that the atmospheric conditions varied by more than 10% but not more than 20% for the images, which are part of the current BORIS submission.
Data Description
Spatial Characteristics
Spatial
Coverage Imagery was collected at the NSA and SSA tower flux sites and auxiliary sites, and along the transect between the NSA and SSA. The imagery swath width depends on acquisition aircraft altitude but is typically between 1 and 2 km. Imagery swath length depends on duration of data acquisition. Over the tower sites, images are usually less than 10 km long. Transect images, on the other hand, can be many tens of kilometers long. per 1-km AGL altitude. The along-track ground resolution is approximately the product of the integration time and the aircraft speed. CASI image pixels are not generally square.
Projection
The imagery has been geocorrected and resampled to a Universal Transverse Mercator (UTM) NAD83-grid using GPS and attitude data. This geocorrection was performed to reorient the imagery to a map grid to aid in the interpretation of the imagery. The absolute positional accuracy of the imagery should not be considered high because of the limitations of the GPS and attitude data, but the relative positional accuracy is good.
Grid Description
The CASI data supplied to BORIS have been geocorrected using the onboard GPS and attitude data. The imagery has been resampled to UTM coordinates with a square pixel size of 2.0 meters. This correction is only to aid in the interpretation and seasonal comparison of the imagery. The absolute positional accuracy of the imagery should not be considered high. A study of the accuracy of the geocorrection methodology was undertaken using 1996 CASI data of the NSA Fen (Zarco, 1998). Targets, 30 cm square, were placed throughout the Fen area. The coordinates of the targets were acquired by University of Nebraska researchers R. Steinauer and D. Jelinski (TF-10) using differential GPS. A comparison of the calculated location and the measured (GPS) location of the targets showed that the absolute error was about 30 m. The average relative error, i.e., error in the distance between two points, is estimated to be about 10 m.
Temporal Characteristics
Temporal
Coverage Image data were collected on 36 days during five field campaigns in 1994 between 07-February and 15-September. 07-Feb-1994 17-Apr-1994 31-May-1994 24-Jui-1994 13-Sep-1994 SSA-YJP 08-Feb-1994 17-Apt-1994 01-Jun-1994 24-Jui-1994 13-Sep-1994 SSA-Fen 07-Feb-1994 17-Apr-1994 04-Jun-1994 24-Jui-1994 13-Sep-1994 SSA-OBS 08-Feb-1994 19-Apr-1994 27-May-1994 24-Jui-1994 13-Sep-1994 SSA-OA 09-Feb-1994 16-Apr-1994 26-May-1994 23-Ju1-1994 15-Sep-1994 NSA-OJP 10-Feb-1994 20-Apt-1994 06-Jun-1994 08-Aug-1994 07-Sep-1994 NSA-YJP ll-Feb-1994 20-Apt-1994 06-Jun-1994 08-Aug-1994 06-Sep-1994 NSA-Fen n/a 20- Apr-1994 06-Jun-1994 08-Aug-1994 07-Sep-1994 NSA-OBS 10-Feb-1994 20-Apr-1994 06-Jun-1994 08-Aug-1994 06-Sep-1994 NSA-OA @ n/a n/a 06- Jun-1994 08-Aug-1994 06-Sep-1994 * Obstacles encountered when attempting to process the winter data set to reflectance were not overcome and thus these data exist only as at-sensor radiance. @ The BORIS archive does not contain the NSA-OA radiance data, BORIS has reflectance only for this site, please contact CRESTech for the radiance data.
SSA-OJP
Temporal
Resolution CASI imagery represents the measured instantaneous irradiance and reflected target at-sensor radiance. Frequently, multiple image acquisitions over a target were obtained during one day. On some occasions, data collections were repeated on more than one day during an IFC or FFC. Please refer to the image acquisition list provided to BORIS.
Data Characteristics
Parameter/Variable
The image parameters are:
Scaled reflectance.
The parameters contained in the inventory files on the CD-ROM for CASI At-sensor Radiance and Reflectance images are: 
Unit of Measurement
Radiance Imagery Units are Hundredths of W/(m2 * pm * sr). That is, divide the scaled values by 100 to get at-sensor radiance values in W/(m2 * lain * sr). Reflectance Imagery Units are % reflectance • 500. That is divide the scaled values by 500 to get percent reflectance values. The measurement units for the parameters contained in the inventory files on the CD-ROM for both types of imagery are: ',19.27,0.0,0.0,0.0,53.63646,-98.31321,53.63004,-98.25458, 53.61682,-98.31931,53.61039,-98.26071,2211.3,82.1,82.1,142.5,142.5 The pixel values in the image data files are stored in 2-bytes (high-order byte first). The image size and number of bands varies depending on the CASI CCD sampling configuration. The ASCII header file describes the number of pixels, bands and lines. Note that extra bytes were found at the end of the at-sensor radiance image files. This was either an artifact of the image processing package used to write the image files or it may have been due to problems noted in section 11.2. In either case we have not found that it affects the reading or importing of the data.
The following set of lines shows the type of information contained in a sample header file. 
